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DESIGN AND DEVELOPMENT OF NOVEL HETEROGENEOUS CATALYSTS FOR SELECTIVE ORGANIC TRANSFORMATIONS

The thesis, which begins with an introduction (Chapter 1), followed by 4 chapters is outlined here.


                                        Organization of the thesis


The thesis mainly deals with the design and development of nanocrystalline materials and their application in organic transformations. The first chapter mainly deals with the importance and applications of heterogeneous catalysis, importance of nanocrystalline materials for selective catalysis. The need and development of cleaner and greener alternative technologies using truly heterogeneous catalytic system in the synthesis of pharmaceuticals and fine chemicals is also described. Chapter 2 mainly deals with the development of nanocrystalline magnesium oxide for asymmetric Henry (nitroaldol) reactions. Chapter 3 describes the epoxidation of unfunctionalized olefins to epoxides by using manganese(III) complexes stabilized on nanocrystalline magnesium oxide in the presence of (1R, 2R)-(-)-diaminocyclohexane as a chiral ligand in good yields and up to 91% enantiomeric excess. Chapter 4 describes the synthesis of organic carbonates and carbamates by using nanocrystalline magnesium oxide catalyst. Chapter 5 deals the aerobic alcohol oxidation by ruthenium species stabilized on nanocrystalline magnesium oxide by basic ionic liquids.


CHAPTER-1
This chapter describes the various catalyst/process options available for an industrial chemist to effect different organic transformations. It includes a brief introduction of homogeneous, heterogeneous, heterogenized homogeneous catalytic systems, nanocrystalline materials and their application in catalysis and the basic concept commonly encountered in catalysis such as selectivity, turnover number, atom economy etc. 
This chapter also describes the importance of nanocrystalline magnesium oxide supported basic ionic liquids for various organic transformations. 

CHAPTER 2

Design and development of nanocrystalline magnesium oxide for asymmetric Henry reactions.
This chapter deals with the development of nanocrystalline magnesium oxide for asymmetric Henry reactions. The Henry reaction is one of the most atom economical carbon-carbon bond-forming reactions in synthetic chemistry. The main limitations in the current processes are the use of stoichiometric amount of base to substrate, longer reaction times, lower yields, and generation of the large quantities of salts by neutralizing bases or vice-versa, which renders the process uneconomical to the environment. In this regard a mild catalytic method for nitroaldol reaction of several substituted aromatic aldehydes with nitroalkane in moderate to excellent yields using nanocrystalline magnesium oxide as a reusable catalyst was developed for the first time. 
The nitro group of the niroaldol reaction products can undergo the Nef reaction, reduction to amino group, or nucleophilic displacement. The resulting β-hydroxy nitro compounds have been used in various beneficial transformations to provide chiral β-amino alcohols and α-hydroxy carboxylic acids. Attention has recently been focused on the development of catalytic, asymmetric versions of the Henry reaction. In this endeavor, the Henry reaction is prominent because of the versatile chemistry of the nitro group. Essentially a coupling reaction between a carbonyl compound and an alkylnitro compound bearing α-hydrogen, the overall transformation enables the formation of a C-C bond with the concomitant generation of a new difunctional group, namely the optically active β-nitroalcohol function in presence of a chiral catalyst. The asymmetric Henry reactions with impressive enantioselectivities are realized using a dinuclear zinc-chiral semi-azacrown-6 complex or copper bisoxazoline complexes.
Nitroaldol reactions are catalyzed or promoted by different conditions or catalysts. Organic bases, inorganic bases, quaternary ammonium salts, protic and aprotic solvents and solventless conditions have been used to name a few. The main limitations in this process are the use of stoichiometric amount of base to substrate and non-regeneration of the catalyst. In this regard, a truly heterogeneous catalyst for the asymmetric Henry reaction was developed. Nanomaterials with their three-dimensional structure and defined size and shape are considered to be suitable candidates for proper alignment with prochiral substrates for unidirectional introduction of reacting species to induce an asymmetric center. The present work describes the design and development of a truly recyclable heterogeneous catalyst, nanocrystalline magnesium oxide in the presence of chiral ligand (S)-(-)-binol for the asymmetric Henry reaction (AH) to afford chiral nitro alcohols with excellent yields and good to excellent enantioselectivities (ee's) for the first time (Scheme 1). The aerogel prepared nanocrystalline magnesium oxide (NAP-MgO; SSA: 590 m2/g) was found to be superior over the conventionally prepared MgO (NA-MgO; SSA: 250 m2/g), and commercial MgO (CM-MgO; SSA: 30 m2/g), in terms of activity and enantioselectivity as applicable in Henry reaction. An elegant strategy is presented to evolve single site chiral catalyst for asymmetric Henry reaction by a successful transfer of molecular chemistry to surface metal-organic chemistry with the retention of activity, selectivity/enantioselectivity. Bronsted hydroxyls are the sole contributors for the ee, while they add on to the activity in AH. It is demonstrated that the hydrogen bond interactions between the -OH groups of (S)-(-)-binol and the -OH groups of MgO are essential for the induction of enantioselectivity. Further, to prove the above hypothesis, another reaction, asymmetric Michael reaction (AM) with nanocrystalline MgO using chiral ligand (1R, 2R)- (-)-diaminocyclohexane (DAC) was developed.





In the AM reaction with NAP-MgO, the rate of the reaction is faster in the presence of chiral auxiliary. As the ligand concentration increases, the rate of the reaction increases with the increase of ee (Figure 1). These results are in consonance with the earlier reported ligand acceleration effects that include metal-diamine accelerated asymmetric Michael reactions.


Figure 1. Effect of ligand concentration on the rate of the reaction as a function of time at -20 °C.


High lights of the present catalytic system
This new heterogeneous nanocrystalline catalyst will be a practical alternative to soluble bases for asymmetric Henry reactions as well as Michael reactions in view of the following advantages, a) truly heterogeneous b) high catalytic activity under very mild reaction conditions, c) easy separation of the catalyst by simple filtration, d) the catalyst is easy to handle and reusable for several cycles without loss of activity, and enantioselectivity and e) The present method is simple, rapid and clean over the existing procedures.

CHAPTER 3
Asymmetric epoxidation of olefins by Mn(III) complexes stabilized on nanocrystalline magnesium oxide
The increasing demand of the chemical and pharmaceutical industries for enantiomerically pure compounds has prompted the development of several chirotechnologies, which aim to exert the ultimate control over a chemical reaction by directing its enantioselectivity (ee). Asymmetric epoxidation (AE) of unfunctionalized olefins is an important organic transformation since the resulting epoxides are important building blocks for the synthesis of biologically active molecules. Srinivasan et al. reported Mn(II) (salen) complexes for the epoxidation of olefins for the first time, the chiral Mn(III) (salen) complexes reported by Jacobsen and Katsuki groups have emerged as the extremely efficient systems for the AE of the unfunctionalized olefins. The high enantiomeric excess (ee) values achieved here is ascribed to the directed path of prochiral olefin to the metal centre, while other possible paths are blocked by the introduction of bulky substituents on salen ligands. Introduction of chiral amine ligand to an achiral Mn-salen complex for asymmetric epoxidation reaction was reported by T. Katsuki et al. in homogeneous condition. The immobilization of transition metal complexes on solid supports can provide catalysts that are easier to handle and sometimes exhibit improved activities and enantio-selectivities induced by the support. AE has been reported by using chiral Mn(salen) complex immobilized on mesoporous materials, polymer supports, layered double hydroxides, clays, and zeolites. Heterogenization or immobilization of active metal complexes on solid supports is thus a promising strategy for merging the advantages of homogeneous and heterogeneous catalysts. Development of a truly heterogeneous, stable, and recyclable catalyst, enhancing the rate of epoxidation and selectivities comparable to those of homogeneous counterparts is warranted and the endeavors in this direction are still rather limited. In this chapter, the asymmetric epoxidation of unfunctionalized olefins to epoxides using manganese acetylacetonate stabilized on nanocrystalline magnesium oxide (aerogel prepared MgO, NAP-MgO) with defined shape and size in the presence of (1R, 2R)-(-)-diaminocyclohexane (DAC) as a chiral ligand in good yields and up to 91% enantiomeric excess was described (Scheme 2). 


Mn(acac)n-NAP-MgO was prepared by stirring vacuum dried NAP-MgO with Mn(acac)3 in THF under nitrogen atmosphere at room temperature by a method similar to that reported by Klabunde and coworkers (Scheme 3).



In the proposed mechanism for the epoxidation of olefins such as styrene, the Mn(III) on nanocrystalline magnesium oxide (A) is complexed  with a chiral DAC ligand and  subsequently oxidized to form metal-oxo [Mn(IV) = O] (B) with  the oxidant,  tBuOOH         (Scheme 4), this is indicated by XPS analysis.




CHAPTER 4
An efficient synthesis of organic carbonates and carbamates using nanocrystalline magnesium oxide.
Organic carbonates are important intermediates for the synthesis of fine chemicals, pharmaceuticals, plasticizers, synthetic lubricants and solvents. They are also used in the field of solid phase chemistry as linkers and tagging moieties. Most of the catalytic systems for the synthesis of carbonates require the toxic and hazardous phosgene as reagent. In order to address this problem, several groups have used dimethyl carbonate (DMC) as a substituent for phosgene. The preparation of organic carbonates has been recently reviewed by Shaik and Sivaram. Jung et al. reported a mild and efficient preparation of alkyl carbonates on solid supports. Heterogeneous basic catalysts, MCM-41-TBD or Mg-La metal oxide afforded unsymmetrical alkyl carbonates from the reaction of diethyl carbonate (DEC) with various alcohols/amines at 125 oC. Some of reactions are time consuming and the synthesized organics grafted on silica are not easily regenerated. Nanocrystalline metal oxides find excellent applications as active adsorbents for gases and destruction of hazardous chemicals and as catalysts for various organic transformations. In this chapter, an efficient method for the synthesis of unsymmetrical organic carbonates in quantitative yields via direct condensation of various alcohols with diethyl carbonate in the presence of nanocrystalline magnesium oxide (NAP-MgO) was described. Initially different nano metal oxides were screened for the synthesis of organic carbonates using 1-phenylethanol and DEC as a model reaction (Scheme 5). Among these metal oxides, NAP-MgO provided optimum results.

 


Carbamates are commonly synthesized via the condensation of amines with toxic highly reactive carbonyl compounds such as phosgene and phosgene derivates. J. S. Nowick   et al. prepared isocyanate derivatives of amino acid ester by addition of a commercially available solution of phosgene in toluene to amino acid ester hydrochloride and pyridine.


The use of recyclable, NAP-MgO for the direct synthesis of various carbamates with moderate to excellent yield and high selectivity under solvent free conditions (Scheme 6) was also described in this chapter.
CHAPTER 5
Aerobic alcohol oxidation by ruthenium species stabilized on nanocrystalline magnesium oxide by basic ionic liquids.
The selective oxidation of alcohols to carbonyl compounds is the foundation of many important industrial and fine-chemical processes. Many stoichiometric oxidants are known for the oxidation of alcohols such as chromates, hypochlorite, permanganates, and others, however many of these oxidants are toxic and produce large amounts of wastes. Much attention is drawn to newer and selective methods of oxidations. Catalytic oxidation with molecular oxygen or air is particularly attractive from economical and environmental point of view. 
The design of nanobuilding units consisting of functional metals generates a new class of high performance materials with potential applications in the electronics, space, chemical and energy sectors. We chose a complex system based on aerogel-prepared nanocrystalline MgO (NAP-MgO). In this chapter the preparation of a recyclable heterogeneous catalyst, Ru-CHNAP-MgO (I), ruthenium species stabilized on NAP-MgO by the incorporation of choline hydroxide, a basic ionic liquid for the selective oxidation of alcohols at atmospheric pressure in the presence of molecular oxygen has been reported (Scheme 7). 



The surface transient organometallic (STO) intermediate II (Scheme 8) was subjected to TGA-MS to detect the evolved gas fragments as a function of temperature. The observed m/z values for II were 107, 91 and 77 amu corresponding to C7H7O, C7H7 (tropilium) and C6H5 respectively, which reinforces the structure of STO intermediates. When acetophenone was charged with catalyst I in 2-propanol under argon, 1-phenylethanol was produced, which demonstrate the occurrence of transfer hydrogenation. These observations suggest that a Ru-H species III is formed.

Proposed mechanism for the oxidation of a primary alcohol using I
                         









Significant Achievements
	Nanocrystalline MgO for asymmetric Henry and Michael reactions with high enantioselectivity.
	Asymmetric epoxidation of olefins by manganese(III) complexes stabilized on nanocrystalline magnesium oxide. 
	An efficient synthesis of organic carbonates and carbamates using nanocrystalline magnesium oxide.
	Aerobic alcohol oxidation by ruthenium species stabilized on nanocrystalline magnesium oxide by basic ionic liquids. 
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